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Th i s  document i s  submi t t ed  i n  accordance w i t h  t h e  r e q u i r e -  
ments of pa rag raph  5.8 of NAS1-7043,  C o n t r a c t  Statement  of Work 
L-7138A, E x h i b i t  A .  
The work p e r t a i n i n g  t o  development o f  meteoroid d e t e c t o r s  i s  
inc luded  i n  Volume I (NASA C R - 6 6 8 4 0 ) .  T h i s  volume comprises  t h e  
i n v e s t i g a t i o n  performed on thermal  c o n t r o l  c o a t i n g s  f o r  t h e  MPPD 
p r o  gram. 
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By James A. Cooley 
Mar t in  M a r i e t t a  C o r p o r a t i o n  
INTRODUCTION 
The o b j e c t i v e  of t h i s  p o r t i o n  of t h e  Meteoroid P e n e t r a t i o n  
D e t e c t o r  Development (MPDD) program w a s  t o  f o r m u l a t e  and e v a l u a t e  
s o l a r  r e f l e c t i v e  the rma l  c o n t r o l  c o a t i n g s  f o r  a micrometeoroid 
s p a c e c r a f t  . This  i n c l u d e d  p r i n c i p a l l y  an i n v e s t i g a t i o n  of  se- 
l e c t e d  w h i t e ,  c r y s t a l l i n e  m a t e r i a l s  a s  c a n d i d a t e  pigments f o r  
t h e r m a l  c o n t r o l  c o a t i n g s .  The i n t e n t  w a s  t h a t  t h e  i n v e s t i g a t i o n  
would u l t i m a t e l y  l e a d  t o  t h e  development of one o r  more t h e r m a l  
c o n t r o l  c o a t i n g s  hav ing  o p t i c a l  and r a d i a t i v e  p r o p e r t i e s  which 
remain s t a b l e  i n  t h e  r a d i a t i o n  environments of s p a c e .  
S p a c e c r a f t  t e m p e r a t u r e  c o n t r o l  i s  accomplished by r e g u l a t i o n  
of t h e  r a d i a t i v e  i n t e r c h a n g e  of t he rma l  energy between t h e  v e h i c l e  
and i t s  low d e n s i t y  environment .  I n  o r d e r  t o  m a i n t a i n  t h e  temper- 
a t u r e  of s p a c e c r a f t  subsystems w i t h i n  o p e r a t i o n  l i m i t s  p a s s i v e  
the rma l  c o n t r o l  c o a t i n g s  a r e  f r e q u e n t l y  a p p l i e d  t o  v e h i c l e  s u r -  
f a c e s .  I n  c a s e s  where a n e t  t r a n s f e r  of energy t o  t h e  environ-  
ment i s  n e c e s s a r y ,  w h i t e  t he rma l  c o n t r o l  p a i n t s  hav ing  low r a t i o s  
of s o l a r  a b s o r p t a n c e  t o  i n f r a r e d  e m i t t a n c e  are used. 
A r equ i r emen t  of a the rma l  c o n t r o l  sys t em i s  t h a t  i t s  o p t i c a l  
and r a d i a t i v e  p r o p e r t i e s  must remain s t a b l e  d u r i n g  long  p e r i o d s  of 
exposure  t o  t h e  s p a c e  environment.  U n f o r t u n a t e l y ,  many w h i t e  t h e r -  
m a l  c o n t r o l  c o a t i n g s  are s o  a f f e c t e d  by exposure t o  s o l a r  u l t r a -  
v i o l e t  r a d i a t i o n  a n d / o r  s p a c e  indigenous charged p a r t i c l e s  t h a t  
t h e i r  o p t i c a l  p r o p e r t i e s  change and they can no l o n g e r  c o n t r o l  
t e m p e r a t u r e s  w i t h i n  d e s i r e d  o r  even t o l e r a b l e  l i m i t s .  The p r i -  
mary  cause  of o p t i c a l  p r o p e r t y  changes of t h e  c o a t i n g s  is t h e  
damage induced  i n  t h e  pigments by t h e  r a d i a t i o n s .  No w h i t e  t h e r -  
m a l  c o n t r o l  c o a t i n g  y e t  formulated i s  r e a l l y  o p t i c a l l y  s t a b l e  i n  
b o t h  e l e c t r o m a g n e t i c  and charged p a r t i c l e  s p a c e  r a d i a t i o n  env i ron -  
ments .  
Because of  an i n d i c a t e d  need f o r  t he rma l  c o n t r o l  c o a t i n g s  
r e l a t e d  t o  t h e  MPDD Program, Dr. John Buckley of  NASA Langley 
Research Cen te r  (LRC) proposed t h e  i n v e s t i g a t i o n  of a number of 
r e f r a c t o r y  materials as pigment c a n d i d a t e s .  The s t u d y  was i n i -  
t i a t e d  i n  August ,  1968 under m o d i f i c a t i o n  15 t o  t h e  :lPDD c o n t r a c t .  
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The program con t inued  under t h a t  m o d i f i c a t i o n  and subsequen t  
m o d i f i c a t i o n s  1 7  and 19 .  The e f f o r t  under t h e  f i r s t  two modif i -  
c a t i o n s  r e s u l t e d  i n  t h e  i s o l a t i o n  of a s i n t e r e d  d i s c  of hafnium 
o x i d e ,  c o n t a i n i n g  5 p e r c e n t  c a l c i a  by we igh t  i n  s o l i d  s o l u t i o n ,  
as demons t r a t ing  s t a b i l i t y  t o  s p a c e  r a d i a t i o n s .  M o d i f i c a t i o n  19 
w a s  then approved and p e r m i t t e d  a more comprehensive i n v e s  t i g a -  
t i o n  of undoped and c a l c i a  doped h a f n i a  and p o s s i b l e  methods of 
p r e p a r i n g  t h e s e  materials a s i d e  from s i n t e r i n g .  
SUMMARY 
The p o r t i o n  of t h e  Meteoroid P e n e t r a t i o n  Development (MPDD) 
program devoted t o  a s t u d y  of  t he rma l  c o n t r o l  c o a t i n g s  w a s  organ- 
i z e d  i n t o  f i v e  phases .  Phase A w a s  concerned w i t h  t h e  f o r m u l a t i o n  
of c o a t i n g s  u s i n g  ca lc ia  (CaO), boron n i t r i d e  (BN), h a f n i a  (Hf02) 
z i r c o n i a  (Zr02)  and t h o r i a  (Th02) as pigments .  The pigment ma- 
t e r i a l s  were s u p p l i e d  by NASA. C a l c i a  w a s  found t o  b e  incompati-  
;\le with a po ta s s ium s i l i c a t e  b i n d e r  and t o  have poor  h i d i n g  power 
i n  s i l i c o n e  b i n d e r s .  Boron n i t r i d e  w a s  s u p p l i e d  on ly  i n  a s o l i d  
sample s o  cou ld  n o t  b e  used as a pigment.  H a f n i a ,  z i r c o n i a  and 
t h o r i a  a l l  formed s a t i s f a c t o r y  t o  e x c e l l e n t  c o a t i n g s  w i t h  p o t a s -  
s ium s i l i c a t e .  
I n  Phase B samples of t h e  c o a t i n g s  o r  pigments  p r e p a r e d  i n  
Phase A were exposed t o  s i m u l a t e d  s o l a r  e l e c t r o m a g n e t i c  r a d i a t i o n  
t o  e v a l u a t e  t h e  s t a b i l i t y  t f  t h e i r  o p t i c a l  p r o p e r t i e s  t o  n e a r  
u l t r a v i o l e t  (2000 t o  4000 A) r a d i a t i o n .  None of  t h e  materials 
tested were very s t a b l e .  
In Phase C some e f f e c t s  of dop ing ,  h e a t  t r e a t i n g  and cryo- 
chemical s y n t h e s i s  of  some materials were examined. 
Specimens of h a f n i a  doped w i t h  v a r i o u s  w e i g h t  p e r c e n t s  of 
y t t r i a  and ca lc ia  and s i n t e r e d  a t  h i g h  t e m p e r a t u r e  were t e s t e d .  
During t h i s  phase i t  w a s  found t h a t  one o f  t h e s e  specimens con- 
t a i n i n g  5 p e r c e n t  c a l c i a  e x h i b i t e d  no change i n  s o l a r  a b s o r p t a n c e  
a f t e r  240 e q u i v a l e n t  s u n  h o u r s  (ESH) of  u l t r a v i o l e t  e x p o s u r e .  
T h i s  appeared t o  b e  t h e  most s t a b l e  mater ia l  y e t  found f o r  a t h e r -  
m a l  c o n t r o l  pigment.  
I n  Phase D t h e  same 5 pe rcen t  c a l c i a  doped specimen was ex- 
posed t o  1200 e V  hydrogen i o n s  i n  a f l u e n c e  e q u a l  t o  a year  i n  a 
s o l a r  wind environment.  The s t a b i l i t y  i n  t h i s  environment was 
almost  as good as i n  t h e  u l t r a v i o l e t  environment .  An undoped 
specimen and a 2 p e r c e n t  doped specimen e x h i b i t e d  similar s t a -  
b i l i t y .  
Two e f f o r t s  were carried on d u r i n g  Phase E .  A f t e r  some i n i -  
t i a l  d i f f i c u l t i e s ,  NASA p e r s o n n e l  under D r .  John  Buckley ‘ s  d i r e c -  
t i o n  began t o  r o u t i n e l y  produce specimens of 5 p e r c e n t  CaO doped 
H f 0 2  s i n t e r e d  a t  1700°C f o r  about 24  hours .  These were g e n e r a l l y  
q u i t e  s t a b l e  t o  u l t r a v i o l e t  r a d i a t i o n  b u t  two samples  exposed t o  
1200 e V  hydrogen i o n s  i n c u r r e d  g r e a t e r  t han  expec ted  changes i n  
s o l a r  abso rp tance .  
Some of  t h e  specimens were reduced t o  pigment-s ized powders 
a t  Denver Research I n s t i t u t e .  Samples of  t h e  powders were sub- 
j e c t e d  t o  u l t r a v i o l e t  exposure i n  vacuum r e s u l t i n g  i n  s u b s t a n t i a l  
i n c r e a s e s  i n  s o l a r  a b s o r p t a n c e .  Reasons f o r  l a c k  of  s t a b i l i t y  of 
t h e  powders have n o t  been d e f i n e d  b u t  i m p u r i t i e s  i n t r o d u c e d  dur- 
i n g  p r e p a r a t i o n  from t h e  s i n t e r e d  p e l l e t s  are p robab ly  p a r t l y  a t  
f a u l t .  
At tempts  by p e r s o n n e l  of t h e  Mar t in  Marietta Corpora t ion  
Thermophysics Labora to ry  t o  s y n t h e s i z e  doped and undoped h a f n i a  
by cryochemical  t echn iques  were u n s u c c e s s f u l .  However, informa- 
t i o n  about  a m o d i f i c a t i o n  of  t h e  method developed a t  B e l l  Tele- 
phone L a b o r a t o r i e s  would appear  t o  make s y n t h e s i s  by cryochemical  
methods q u i t e  p o s s i b l e .  A b r i e f  i n v e s t i g a t i o n  of  a c o - p r e c i p i t a -  
t i o n  t e c h n i q u e  f o r  doping h a f n i a  a l s o  looks  p romis ing .  
The p o s s i b i l i t y  of u l t i m a t e l y  p roduc ing  a very s t a b l e  t h e r -  
m a l  c o n t r o l  c o a t i n g  through t h e  t echn iques  pu r sued  a t  Langley 
Research C e n t e r  and Mart in  M a r i e t t a  Corpora t ion  under t h i s  s t u d y  
seems h i g h l y  promising.  Refinements i n  t h e  p r e p a r a t i o n  of ma- 
ter ia ls  and i n  t h e i r  p r o c e s s i n g  should l e a d  t o  s o l u t i o n s  of t h e  
problems t h a t  p r e s e n t l y  e x i s t .  
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TECHNICAL D I S C U S S I O N  
The t e c h n i c a l  e f f o r t  w a s  d i v i d e d  i n t o  f i v e  phases  through 
m o d i f i c a t i o n s  1 5 ,  1 7  and 19 of C o n t r a c t  NAS1-7043. 
Phase A and B 
I n  Phase A of t h e  the rma l  c o n t r o l  s t u d y  a t t e m p t s  were t o  b e  
made t o  f o r m u l a t e  f i v e  c o a t i n g s  u s i n g  r e f r a c t o r y  pigment materials 
s u p p l i e d  by NASA. 
b e  exposed t o  s i m u l a t e d  s o l a r  e l e c t r o m a g n e t i c  r a d i a t i o n  i n  vacuum 
w i t h  s o l a r  a b s o r p t a n c e  e v a l u a t e d  by means of i n  s i t u  s p e c t r a l  re- 
f l e c t a n c e  measurements t o  de t e rmine  t h e  damage induced by t h e  
r a d i a t i o n .  
I n  Phase B t h e  e x p e r i m e n t a l  c o a t i n g s  were t o  
C a l c i a  (Ca0)-Calcia w a s  found t o  b e  i n c o m p a t i b l e  w i t h  a po- 
t a s s ium s i l i c a t e  b i n d e r .  An aqueous s u s p e n s i o n  of C a O  was f i l -  
t e r e d  and added t o  t h e  s i l i c a t e  s o l u t i o n .  A w h i t e  p r e c i p i t a t e  
formed, probably some form of C a S i 0 3 .  C a O  h a s  poor  h i d i n g  power 
i n  s i l i c o n e  b i n d e r s  and a l a r g e  amount of t h e  o x i d e  w a s  obse rved  
t o  l i m i t  t h e  s h e l f - l i f e  of a one-component s i l i c o n e .  
powder specimen,  when s u b j e c t e d  t o  approx ima te ly  130 e q u i v a l e n t  
s u n  hours  (ESH) of n e a r  u l t r a v i o l e t  (2000 t o  4000 1) r a d i a t i o n ,  
e x h i b i t e d  an i n c r e a s e  i n  s o l a r  a b s o r p t a n c e  from 0.12 t o  0 .19.  
f u r t h e r  work w a s  done w i t h  t h i s  material .  
A compressed 
NO 
Boron n i t r i d e  (BN).- No c o a t i n g  w a s  f o r m u l a t e d  from t h i s  ma-  
t e r i a l  s i n c e  no  powdered pigment was a v a i l a b l e .  
t h e  s o l a r  s i m u l a t i o n  e v a l u a t i o n  w a s  t o o l e d  from a s o l i d  b a r .  
About 310 ESH of u l t r a v i o l e t  i r r a d i a t i o n  i n c r e a s e d  t h e  s o l a r  
abso rp tance  from 0 . 2 4  t o  3 .29 .  
The BN used i n  
Z i r c o n i a  (ZrO?).-  Z i r c o n i a  forms an e x c e l l e n t  c o a t i n g  w i t h  
potassium s i l i c a t e .  
o u t  using an impure o x i d e  t o  conse rve  t h e  h i g h  p u r i t y  (99.9+%) 
ZrO, . .  With r e f l e c t a n c e  of pr imary impor t ance  i n  a p r a c t i c a l  c o a t -  
i n g ,  a maximum of  4 grams of Zr02 (325 mesh) t o  1 m i l  PS-7 s i l i -  
c a t e  (Sy lvan ia )  and water,  used as a d i l u e n t  t o  s p r a y  c o n s i s t e n c y ,  
appears  t o  be  an optimum r a t i o .  A specimen p r e p a r e d  i n  t h i s  r a t i o  
had a measured normal e m i t t a n c e  of  0 . 8 4 .  Attempts  t o  p r e p a r e  a 
ZrOP/s i l i cone  c o a t i n g  i n d i c a t e  t h a t  t h e  Z r 0 2  may r e q u i r e  o t h e r  
agen t s  t o  m a i n t a i n  s u s p e n s i o n .  The a d d i t i o n  of  such  a g e n t s  would 
have compl i ca t ed  i n t e r p r e t a t i o n  of t h e  damage d a t a .  
A pigment t o  b i n d e r  r a t i o  s t u d y  was c a r r i e d  
An e s t i m a t e d  110 ESH of u l t r a v i o l e t  i r r a d i a t i o n  i n c r e a s e d  t h e  
s o l a r  abso rp tance  of a Z r 0 2 / K 2 S i 0 3  specimen from 0.14 t o  0.18. 
Hafn ia  (HfO?).- Two d i f f e r e n t  h a f n i a - s i l i c a t e  formulas  were 
p repa red  and i r r a d i a t e d  s e p a r a t e l y  w i t h  approximate ly  75 ESH of  
u l t r a v i o l e t .  A c o a t i n g  w i t h  a low pigment c o n t e n t  had a r e l a t i v e l y  
h i g h  s o l a r  abso rp tance  (0.27) and s u f f e r e d  an i n c r e a s e  i n  s o l a r  
abso rp tance  of 0.01. A c o a t i n g  w i t h  h i g h e r  pigment c o n t e n t  had 
a s o l a r  abso rp tance  o f  0 . 2 1  which i n c r e a s e d  t o  0 . 2 4  d u r i n g  expo- 
s u r e .  The b e s t  Hf02/K2Si03 c o a t i n g  made had a s o l a r  a b s o r p t a n c e  
of  0.14 and a normal e m i t t a n c e  of 0.93. 
Thor i a  (Tho?) .- Th02/K2Si03 c o a t i n g s  were fo rmula t ed  and a 
sample exposed t o  an e s t i m a t e d  80 ESH of u l t r a v i o l e t  e x h i b i t e d  an 
i n c r e a s e  i n  s o l a r  abso rp tance  from 0.12 t o  0.16. 
Phase C 
Some of  t h e  work d u r i n g  t h i s  phase  of  t h e  s t u d y  w a s  d i r e c t e d  
toward e v a l u a t i o n  of  a p o s s i b l e  r e l a t i o n s h i p  between hydroxy l  i o n  
a b s o r p t i o n  bands i n  pigment m a t e r i a l s  and t h e i r  s t a b i l i t y  i n  t h e  
s p a c e  r a d i a t i o n  envi ronments .  No c o n c l u s i v e  d a t a  w e r e  o b t a i n e d  
d u r i n g  t h e  s t u d y  which would e s t a b l i s h  whether  o r  n o t  such a cor-  
r e l a t i o n  e x i s t e d .  A d e f i n i t i v e  s t u d y  would e n t a i l  a much more 
comprehensive i n v e s t i g a t i o n  than w a s  a v a i l a b l e  h e r e .  
Several metal ox ides  were h e a t  t r e a t e d  t o  1650°C i n  an  un- 
s u c c e s s f u l  e f f o r t  t o  e l i m i n a t e ,  f rom s p e c t r a l  r e f l e c t a n c e  s c a n s ,  
t h e  n e a r  i n f r a r e d  a b s o r p t i o n  bands i n d i c a t i v e  of  t h e  p re sence  of  
hydroxy l  i o n s  i n  t h e  m a t e r i a l .  U n f o r t u n a t e l y ,  t h e  f a c t  t h a t  some 
such  i o n s  remained does n o t  prove t h a t  they  were p r e s e n t  i n  t h e  
c r y s t a l  s t r u c t u r e .  
Cryochemical ly  p repa red  MgO which w a s  subsequen t ly  h e a t e d  t o  
1700°C e x h i b i t e d  no such  a b s o r p t i o n  bands b u t  damaged s u b s t a n t i a l l y  
d u r i n g  u l t r a v i o l e t  exposure .  
S p e c t r a l  r e f l e c t a n c e  curves were run  on s i x  samples  of  h a f n i a  
doped w i t h  v a r i o u s  p e r c e n t a g e s  of y t t r i a .  
w e r e  i n  t h e  form of  s m a l l  s i n t e r e d  d i s c s  were p r e p a r e d  by D r .  John  
Buckley of Langley Research Center .  It  w a s  no ted  t h a t  t h e  s t r e n g t h  
o f  t h e  i n f r a r e d  a b s o r p t i o n  bands due  t o  t h e  p re sence  of hydroxy l  
i o n s  become less as t h e  p e r c e n t a g e  of  y t t r i a  dopant  i n c r e a s e d  and 
a l s o  as t h e  s i n t e r i n g  tempera ture  i n c r e a s e d .  One specimen doped 
w i t h  7 p e r c e n t  y t t r i a  and s i n t e r e d  a t  2000°C showed no t r a c e  of 
t h e  a b s o r p t i o n  bands .  
These specimens which 
5 
One specimen of h a f n i a  doped w i t h  5 p e r c e n t  y t t r i a  and s i n -  
t e r e d  a t  1800°C e x h i b i t e d  a change i n  s o l a r  abso rp tance  of 0.06 
a f t e r  exposure  t o  an  e s t i m a t e d  192 ESH of u l t r a v i o l e t .  
A sample o f  h a f n i a  doped w i t h  5 p e r c e n t  c a l c i a  and s i n t e r e d  
a t  1800°C w a s  i n v e s t i g a t e d  n e x t .  The i n t r o d u c t i o n  of  5 we igh t  
p e r c e n t  of  ca lc ia  i n  complete s o l i d  s o l u t i o n  r e s u l t s  i n  s t a b i l i z -  
i n g  t h e  phase  t r a n s f o r m a t i o n s  i n  h a f n i a  and r e s u l t s  i n  a f a c e  cen- 
t e r e d  c u b i c  c r y s t a l  s t r u c t u r e .  This  specimen e x h i b i t e d  no t r a c e  
of t he  i n f r a r e d  a b s o r p t i o n  bands i n  q u e s t i o n .  
The 5 p e r c e n t  calcia  doped Hf02 sample w a s  exposed t o  simu- 
l a t e d  s o l a r  r a d i a t i o n  i n  vacuum. A f t e r  t o t a l  of approximate ly  240 
ESH of u l t r a v i o l e t  exposure ,  t h e  s o l a r  a b s o r p t a n c e  of  t h e  sample 
remained unchanged a t  0 .17 as de termined  from i n  s i t u  s p e c t r a l  
r e f l e c t a n c e  measurements.  The spec t rum,  as were a l l  o t h e r s  t e s t e d ,  
w a s  a t t a c h e d  t o  a water -cooled  m e t a l l i c  h e a t  s i n k  ma in ta ined  a t  a 
t empera tu re  n e a r  298’K. 
Phase  D 
During t h i s  phase  of t h e  s t u d y  t h r e e  s i n t e r e d  h a f n i a  s p e c i -  
mens p repa red  by D r .  Buckley were exposed i n  a vacuum environment  
t o  a beam of 1200 e V  hydrogen i o n s .  The t h r e e  specimens i n c l u d e d  
one of undoped h a f n i a ,  one of 2 p e r c e n t  ca lc ia  doped h a f n i a  and 
one of 5 p e r c e n t  c a l c i a  doped h a f n i a .  The l a t t e r  specimen w a s  
t h e  i d e n t i c a l  one d e s c r i b e d  under  Phase  C which had e x h i b i t e d  re- 
markable s t a b i l i t y  i n  an u l t r a v i o l e t  envi ronment .  I t  i s  n o t  known 
whether  t h e  sample f a c e  t h a t  w a s  exposed t o  t h e  i o n  beam was t h e  
same one t h a t  had been  exposed t o  t h e  e l e c t r o m a g n e t i c  r a d i a t i o n .  
No a t t e m p t  w a s  made t o  a c h i e v e  a p u r e  p r o t o n  beam by mass 
s e p a r a t i o n .  Based on a p r e v i o u s  a n a l y s i s  of  t h e  beam i t  p robab ly  
c o n s i s t e d  o f  about  25 p e r c e n t  p r o t o n s  and 75 p e r c e n t  molecu la r  and 
t r ia tomic  hydrogen i o n s .  The undoped Hf02 and 5 p e r c e n t  C a O  doped 
HfO2 were exposed t o  a p a r t i c l e  f l u x  d e n s i t y  e s t i m a t e d  a t  about  
2 ~ 1 0 ~ ’  p/cm2/sec (about  1000 X s o l a r  wind l e v e l s )  t o  a r e s u l t a n t  
f l u e n c e  of  approximate ly  5x1Ol5 p/cm2 (abou t  1 y e a r  a t  s o l a r  wind 
levels a t  1 AU) co r re spond ing  v a l u e s  f o r  t h e  Hf02 w i t h  2% CaO were 
about  0 .6  of  t h e  above. 
urements of t h e  specimens were made i n  an  i n t e g r a t i n g  s p h e r e  a t  
a tmospher ic  c o n d i t i o n s  r a t h e r  t h a n  i n  s i t u ,  because  t h e  vacuum 
s p h e r e  was n o t  a t t a c h e d  t o  t h e  tes t  chamber,  s o  t h a t  some recove ry  
from damage may have occur red .  There  w a s  some i n d i c a t i o n  of  a 
P r e  and p o s t  s p e c t r a l  r e f l e c t a n c e  meas- 
s l i g h t  i n c r e a s e  i n  abso rp tance  of a l l  t h r e e  specimens i n  t h e  wave- 
l e n g t h  r ange  from 0 .4  t o  0.6 micron w i t h  approximate ly  t h e  same 
change f o r  a l l  t h r e e .  The measured change was s c a r c e l y  g r e a t e r  
t h a n  t h e  e r r o r  of  measurement and w a s  much less t h a n  t h e  measured 
i n c r e a s e  i n  abso rp tance  of a ZnO/KZSi03 sample t e s t e d  under  s i m -  
i l a r  c o n d i t i o n s .  The tes t  must not b e  r ega rded  as d e f i n i t i v e  be- 
cause  of  l a c k  o f  optimum test c o n d i t i o n s ,  b u t  i t  i s  i n d i c a t i v e  of 
good s t a b i l i t y  i n  a low energy  p ro ton  environment .  
t h e  changes i n  s p e c t r a l  abso rp tance  which o c c u r r e d  f o r  t h e  5 per -  
c e n t  doped specimen.  
F i g u r e  1 shows 
Phase E 
This  phase  p rov ided  f o r  a f u r t h e r  s t u d y  of s i n t e r e d  specimens 
of undoped and calcia  doped hafnium ox ide  specimens f u r n i s h e d  by 
NASA. It f u r t h e r  p rov ided  f o r  t he  c ryochemica l  s y n t h e s i s  of un- 
doped and calcia  doped h a f n i a  fo l lowed by h i g h  t empera tu re  treat-  
ment. Heat t r e a t m e n t  i n  t h e  c a s e  of  doping would b e  r e q u i r e d  f o r  
t h e  calcia  t o  go i n t o  s o l i d  s o l u t i o n .  
S i n t e r e d  Specimen Study.-  Early e f f o r t s  i n  t h i s  p a r t  of t h e  
s t u d y  were marked by problems of NASA p e r s o n n e l  i n  producing  good 
specimens p r i n c i p a l l y  because  of problems w i t h  h i g h  t empera tu re  
f u r n a c e s .  The f i r s t  b a t c h  of  f r e s h l y  p r e p a r e d ,  doped h a f n i a  s p e c i -  
mens c o n s i s t i n g  of t h r e e  specimens w i t h  3 p e r c e n t  calcia and t h r e e  
w i t h  5 p e r c e n t  calcia  w a s  r ece ived  on 15 A p r i l .  A second b a t c h ,  
a l l  5 p e r c e n t  calcia ,  a r r i v e d  on 28 A p r i l .  A l l  of t h e  specimens 
were somewhat ye l lowed about  t h e  edges probably  from contaminants  
p i c k e d  up i n  t h e  f u r n a c e .  Some of t h e  specimens had g ray  a r e a s  
i n d i c a t i n g  p o s s i b l e  non-stoichiometry w i t h  an excess  of  hafnium o r  
a s u b s t a n t i a l  amount of  me ta l l i c  impur i ty .  Three  samples  s e l e c t e d  
from t h e s e  b a t c h e s  were exposed i o  vacuum t o  s i m u l a t e d  s o l a r  elec- 
t romagne t i c  r a d i a t i o n  from a xenon compact arc lamp a t  an i r r a d i -  
ance  of t h r e e  s o l a r  u l t r a v i o l e t  e q u i v a l e n t s .  T o t a l  exposure  va r -  
i e d  from 50 t o  200 ESH of u l t r a v i o l e t  r a d i a t i o n .  A l l  t h r e e  samples ,  
i n c l u d i n g  one c l eaned  w i t h  e t h y l  a l c o h o l  i n  an a t t empt  t o  remove 
p o s s i b l e  s u r f a c e  con tamina t ion ,  e x h i b i t e d  changes i n  s o l a r  absorp-  
t a n c e  of  10 p e r c e n t  o r  more. 
U l t r a v i o l e t  exposure  tes ts  were conducted on two s i n t e r e d  
h a f n i a  specimens r e c e i v e d  d u r i n g  Phase C of t h e  s t u d y .  One w a s  
an  undoped specimen and t h e  o t h e r  doped w i t h  5 p e r c e n t  c a l c i a .  
Comparison of  t h e  r e s u l t s  i n d i c a t e d  t h a t  doping d e f i n i t e l y  in -  
c r e a s e d  u l t r a v i o l e t  s t a b i l i t y  o f  h a f n i a .  
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S i n t e r e d  specimens o f  100% h a f n i a  p repa red  by s i n t e r i n g  f o r  
3 hours  i n  vacuum a t  2000°C fol lowed by s i n t e r i n g  f o r  1 3  hours  a t  
1700°C i n  a i r  t o  r e o x i d i z e  were observed  t o  b e  contaminated .  
t r a l  r e f l e c t a n c e  cu rves  of  t h e s e  specimens d i f f e r e d  s u b s t a n t i a l l y  
from each o t h e r .  C a l c i a  s t a b i l i z e d  specimens p r e p a r e d  by s i n t e r -  
i n g  f o r  3 hours  a t  2000°C i n  vacuum fo l lowed  by 7 hour s  a t  1700°C 
i n  a i r  d i d  n o t  e x h i b i t  v i s i b l e  contaminat ion .  The specimens d i d  
l o s e  calcia  d u r i n g  t h e  vacuum s i n t e r i n g  and were n o t  f u l l y  s t a b -  
i l i z e d .  
Spec-  
Specimens of  5% calcia  doped h a f n i a  which had  been  s i n t e r e d  
f o r  6 hour s  a t  1700°C e x h i b i t e d  an increase i n  a b s o r p t a n c e  i n  t h e  
v i s i b l e  r e g i o n  ( f i g ,  2)  b u t  n o  n e t  change i n  s o l a r  a b s o r p t a n c e  be- 
cause  of  an  i n c r e a s e d  r e f l e c t a n c e  i n  t h e  i n f r a r e d  s p e c t r a l  r e g i o n  
when exposed t o  207 e q u i v a l e n t  sun hour s  of  u l t r a v i o l e t  r a d i a t i o n .  
S p e c t r a l  r e f l e c t a n c e  d a t a  f o r  t h e s e  d e t e r m i n a t i o n s  w a s  t aken  i n  
t h e  range 0.25 t o  2.5 microns.  S i m i l a r l y  doped specimens which 
were s i n t e r e d  a t  1700°C f o r  22  ( f i g .  3 )  t o  24 ( f i g .  4 )  h o u r s ,  i . e .  
a l o n g e r  p e r i o d ,  e x h i b i t e d  less damage i n  t h e  v i s i b l e  spectrum 
t h a n  t h e  specimen j u s t  desc r ibed  a f t e r  up t o  340 e q u i v a l e n t  sun  
hour s  of  u l t r a v i o l e t ,  and no ne t  change i n  s o l a r  abso rp tance .  
A specimen of  100% h a f n i a  s i n t e r e d  a t  17GOOC f o r  6 hour s  in -  
c u r r e d  s u b s t a n t i a l  damage during approximate ly  140 e q u i v a l e n t  s u n  
h o u r s  of u l t r a v i o l e t  exposure .  The specimen,  however,  even b e f o r e  
exposure ,  e x h i b i t e d  an anomalous a b s o r p t i o n  band i n  t h e  wavelength  
range  from 0.45 t o  0 .8  microns .  There may have been  a c o r r e l a t i o n  
between t h i s  band and t h e  s u s c e p t i b i l i t y  of  t h e  specimen t o  u l t r a -  
v i o l e t  r a d i a t i o n .  The major  c a t i o n  i m p u r i t y  found i n  t h e  specimen 
w a s  copper  (1000 ppm). Copper was a l s o  found a t  700 ppm i n  a 
calcia doped specimen which d i d  n o t  have  t h e  anomalous a b s o r p t i o n  
band and w a s  s t a b l e  i n  u l t r a v i o l e t  r a d i a t i o n .  The s p e c t r o g r a p h i c  
g rade  ( W a h  Chang) powder f rom which t h e  specimens were made ex- 
h i b i t e d  t h e  same i m p u r i t y  conten t  as t h e  s i n t e r e d  100% h a f n i a  
p e l l e t ,  w i t h o u t  t h e  a b s o r p t i o n  band. 
P r e p a r a t i o n  of specimens s i n t e r e d  a t  1700°C f o r  approximate ly  
2 4  hours  i n  a p l a t i n u m  b a s k e t  hanging from t h e  top  of  t h e  a lumina  
m u f f l e  t u b e  i n  t h e  f u r n a c e  w a s  be ing  accomplished r a t h e r  r o u t i n e l y  
by NASA p e r s o n n e l  a t  t h i s  s t a g e  o f  t h e  program. The r e s u l t a n t  
specimens v a r i e d  somewhat i n  t h e i r  s t a b i l i t y  t o  u l t r a v i o l e t  r a d i a -  
t i o n  b u t  were g e n e r a l l y  good. S p e c t r a l  r e f l e c t a n c e  cu rves  were 
made f o r  b o t h  f a c e s  o f  18 of the s i n t e r e d  d i s c s  and no anomalies  
were no ted .  Spec t rochemica l  ana lyses  of r e p r e s e n t a t i v e  samples  
i n d i c a t e d  no anomalous i m p u r i t i e s .  
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Two of t h e  s i n t e r e d  5 p e r c e n t  ca lc ia  doped specimens were 
exposed t o  1200 eV hydrogen i o n s  i n  t h e  combined environments  test 
chamber. These i n c l u d e d  a specimen s i n t e r e d  a t  1 7 O O O C  f o r  1 2  
hours  which came from a b a t c h  p icked  up a t  Langley Research Cen te r  
on 23 September and a specimen s i n t e r e d  f o r  g r e a t e r  than  24 h o u r s  
a t  1700°C from a b a t c h  r e c e i v e d  on 2 September.  Again t h e r e  w a s  
no a t t empted  made t o  mass s e p a r a t e  t h e  i o n  beam which probably  
c o n s i s t e d  of  25 p e r c e n t  p r o t r o n s  and 75 p e r c e n t  h e a v i e r  hydrogen 
i o n s .  The former sample w a s  exposed t o  a f l u e n c e  of  8 x 
p/cm2 a t  a f l u x  d e n s i t y  o f  5 x l o l o  p/cm2/sec.  F igu re  5 shows p r e  
and p o s t  exposure  spec t ra l  r e f l e c t a n c e  curves  f o r  t h i s  sample from 
d a t a  t h a t  w a s  o b t a i n e d  i n  s i t u .  The change i n  s o l a r  abso rp tance  
w a s  0.02. The o t h e r  specimen was exposed t o  a , f l u e n c e  of 5.6 x 
a b s o r p t a n c e  change w a s  0.015. While t h e s e  specimens d i d  damage 
more t h a n  t h e  f i r s t  specimens s u b j e c t e d  t o  hydrogen i o n  bombard- 
ment, t h e s e  changes are n o t  large by comparison w i t h  changes f o r  
ZnO and some o t h e r  commonly used p igments .  
p/cm2 a t  a f l u x  d e n s i t y  of  3 .5  x l o l o  p /cm2/sec  and i t s  s o l a r  
Twenty of t h e  5 p e r c e n t  c a l c i a  doped s i n t e r e d  h a f n i a  s p e c i -  
mens were t aken  t o  Denver Research I n s t i t u t e  t o  b e  conve r t ed  i n t o  
powders of a s i z e  u s e f u l  as pigments  f o r  t he rma l  c o n t r o l  c o a t i n g s .  
Work t h e r e  w a s  accomplished under t h e  d i r e c t i o n  of Dwight Moore. 
Two d i f f e r e n t  methods were used t o  r educe  t h e  s i n t e r e d  p e l l e t s  t o  
powder form. Tab le  1 l ists t h e  p r o c e s s i n g  d a t a  f o r  t h e  powders 
deve loped  by t h e  two methods. 
Samples of  b o t h  powders d e s i g n a t e d  DRI H-1 and D R I  H-2 were 
exposed  t o  52 e q u i v a l e n t  sun  hours  (ESH) of u l t r a v i o l e t  r a d i a t i o n  
i n  vacuum and p r e  and p o s t  exposure s p e c t r a l  r e f l e c t a n c e  d a t a  were 
o b t a i n e d  i n  s i t u .  F i g u r e s  6 and 7 p r e s e n t  changes i n  s p e c t r a l  
a b s o r p t a n c e  cu rves  f o r  t h e  two specimens.  Samples H-1  and H-2 
had s o l a r  abso rp tance  i n c r e a s e s  o f  0.06 and 0.05, r e s p e c t i v e l y .  
It i s  n o t a b l e  ( f i g .  8) t h a t  t h e  i n i t i a l  abso rp tance  of t h e s e  
powdered specimens which were p repa red  by p r e s s i n g  i n t o  a sample 
cup ,  i s  much lower t h a n  t h a t  of t h e  s i n t e r e d  p e l l e t s  from which 
t h e y  were made, The r easons  f o r  t h i s  r e q u i r e  f u r t h e r  a n a l y s i s ,  
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The reason f o r  t h e  c o n s i d e r a b l e  o p t i c a l  damage t o  t h e  powdered 
samples  f rom u l t r a v i o l e t  exposure  i s  n o t  immediately a v a i l a b l e .  I n  
p a r t  i t  may b e  due t o  i m p u r i t i e s  added i n  t h e  p r o c e s s i n g .  Aluminum 
i s  t h e  on ly  i m p u r i t y ,  however,  which appears  t o  b e  p r e s e n t  i n  ab- 
normal q u a n t i t y  in b o t h  of t h e  f i n i s h e d  powders. Its level  i n  t h e  
H-2 powder i s  s u r p r i s i n g .  The i m p u r i t i e s  which are ga ined  i n  t h e  
p r o c e s s i n g  would have no way of g e t t i n g  i n t o  t h e  h a f n i a  s t r u c t u r e  
b u t  would e x i s t  as s e p a r a t e  oxides  mixed w i t h  t h e  h a f n i a .  Defec t s  
i n t r o d u c e d  i n  t h e  c r y s t a l  s t r u c t u r e  and t h e  l a r g e  i n c r e a s e  i n  s u r -  
f a c e  a r e a  may i n  p a r t  account  f o r  t h e  damage. X-ray d i f f r a c t i o n  
a n a l y s i s  confirmed t h e  c u b i c  s t r u c t u r e  of  t h e  powders.  F u r t h e r  
i n v e s t i g a t i o n  i s  necessa ry  i n  o r d e r  t o  a n a l y z e  t h e  problem. 
More r e c e n t  specimens which were hung i n  a b a s k e t  made of 
i r r id ium-rhodium w i r e  i n  t h e  alumina m u f f l e  t u b e  i n  t h e  f u r n a c e  
have  a t a n  s u r f a c e  d i s c o l o r a t i o n  which i s  ve ry  e v i d e n t  as an ab- 
s o r p t i o n  band i n  s p e c t r a l  r e f l e c t a n c e  cu rves .  A sample exposed 
t o  u l t r a v i o l e t  r a d i a t i o n  s u f f e r e d  q u i t e  a b i t  o f  damage. 
Cryochemical s y n t h e s i s  of f i n e - p a r t i c l e  HfO? and ca lc ia -doped  
lifO:, .- The cryochemica l  method f o r  p r e p a r a t i o n  of f i n e - p a r t i c l e  
materials w a s  developed by p e r s o n n e l  a t  t h e  B e l l  Telephone Labora- 
t o r i e s  and i s  c h a r a c t e r i z e d  by an unsua l  amount of  c o n t r o l  o v e r  t h e  
p r o p e r t i e s  of t h e  f i n a l  p roduc t  ( r e f  1). The p r o d u c t  i s  c o n t r o l l e d  
w i t h  r e s p e c t  t o  composi t ion ,  p a r t i c l e  s i z e  and s i z e  r ange ,  and 
chemica l  homogeneity.  
The p r o c e s s  r e q u i r e s  f o u r  b a s i c  o p e r a t i o n s :  (1) mixing;  ( 2 )  
f r e e z i n g ;  ( 3 )  s u b l i m a t i o n ;  and ( 4 )  decomposi t ion .  I n  t h e  f i r s t  
o p e r a t i o n  ana lyzed  s t o c k  s o l u t i o n s  of s u i t a b l e  s a l t s  of t h e  v a r i o u s  
metal components a r e  appor t ioned  e i t h e r  by we igh t  o r  volume t o  g i v e  
t h e  d e s i r e d  composi t ion .  The s t a r t i n g  s o l u t i o n  p r e p a r e d  i n  t h i s  
way is  qu ick - f rozen  by i n j e c t i o n  as a f i n e  stream i n t o  a b a t h  of  
hexane c h i l l e d  t o  a low t empera tu re  i n  a mix tu re  of dry i c e  and 
a c e t o n e .  On f r e e z i n g ,  t h e  t i n y  d r o p l e t s  r e t a i n  t h e i r  s p h e r i c a l  
form. A f t e r  a l l  of t h e  s o l u t i o n  is f r o z e n ,  t h e  mass of f r o z e n  
s p h e r e s  is  s e p a r a t e d  from t h e  hexane by s c r e e n i n g .  The f r o z e n  
p r o d u c t  i s  t h e n  t r a n s f e r r e d  t o  a p r e c h i l l e d  t r a y  which is  p l a c e d  
i n  t h e  r e f r i g e r a t e d  chamber of a f r e e z e - d r i e r  a p p a r a t u s .  A f t e r  
t h e  chamber i s  evacua ted  h e a t  i s  s u p p l i e d  t o  e f f e c t  t h e  s u b l i m a t i o n  
o f  t h e  water i n  t h e  p roduc t .  The f r ee - f lowing ,  d u s t - f r e e  s p h e r e s  
of  anhydrous s a l t  which are t h e  r e s u l t  of t h e  f r eeze -d ry  p r o c e s s  
are  t h e n  t r a n s f e r r e d  t o  a f u r n a c e  f o r  t h e  f i n a l  s t ep - the rma l  decom- 
p o s i t i o n  of  t h e  s a l t  o r  m i x t u r e  of s a l t s .  
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The c h i e f  advan tage  of t h e  method f o r  t h e  p r e p a r a t i o n  of a 
p u r e  ox ide  such  as Hf02 is  t h e  f i n e - p a r t i c l e  s t a t e  of t h e  p r o d u c t .  
This  e l i m i n a t e s  t h e  need f o r  g r i n d i n g  which may cause  s t r a i n  o r  
s u r f a c e  d e f e c t s  and a l s o  con tamina t ion  of  t h e  mater ia l .  Fo r  t h e  
case of calcia-doped Hf02 a n  a d d i t i o n a l  advantage i s  t h e  a s s u r a n c e  
of uniform d i s t r i b u t i o n  of  t h e  dopan t .  S i n c e  t h e  two components 
are mixed as s o l u t i o n s ,  mixing t a k e s  p l a c e  a t  t h e  a tomic  l e v e l .  
S ince  a s o l u t i o n  of  a s a l t  of hafnium is  t h e  r e q u i r e d  s t a r t i n g  
material f o r  t h e  p r e p a r a t i o n  of  Hf02 c ryochemica l ly  , t h e  h i g h  p u r i -  
t y  ox ide  a v a i l a b l e  had t o  b e  f i r s t  conve r t ed  t o  a s o l u b l e  compound. 
Acid and a l k a l i  f u s i o n  methods are s t a n d a r d  t e c h n i q u e s  f o r  t h e  ex- 
t r a c t i o n  o r  s e p a r a t i o n  of t i t a n i u m ,  z i r con ium,  and hafnium from 
t h e i r  o r e s  and seemed s u i t a b l e  f o r  t h i s  conve r s ion .  Acid f u s i o n s  
are u s u a l l y  c a r r i e d  o u t  w i t h  e i t h e r  t h e  b i s u l f a t e  o r  p y r o s u l f a t e  of  
po ta s s ium (KHSOL, o r  K2S207) and t h e  t i t a n i u m ,  z i r con ium,  o r  hafnium 
e v e n t u a l l y  o b t a i n e d  i n  s o l u t i o n  as t h e  o x y s u l f a t e  o r  s u l f a t e .  I n  
a l k a l i  f u s i o n s ,  e i t h e r  t h e  h y d r o x i d e ,  e . g . ,  KOH, o r  t h e  c a r b o n a t e ,  
e . g . ,  K2CO3 i s  t h e  r e a g e n t  and t h e  p r o d u c t  i s  an a l k a l i  t i t a n a t e ,  
z i r c o n a t e ,  o r  h a f n a t e .  These compounds are decomposed by s u l f u r i c  
a c i d  t o  form s o l u t i o n s  of o x y s u l f a t e s  o r  s u l f a t e s .  
For c o n v e r t i n g  t h e  s p e c t r o g r a p h i c  g rade  Hf02 (99.9+%, Wah 
Chang) t o  t h e  s u l f a t e ,  b o t h  a c i d  and a l k a l i  f u s i o n  methods were 
examined. When a 20 gram p o r t i o n  of  o x i d e  was f u s e d  w i t h  an ex- 
cess of po ta s s ium p y r o s u l f a t e  i n  a q u a r t z  c r u c i b l e ,  problems were 
encoun te red  i n  p r o c e s s i n g  t h e  h a r d  f u s e d  p r o d u c t  f o r  t h e  d e s i r e d  
hafnium s u l f a t e .  Turning t o  t h e  examina t ion  of  a l k a l i  f u s i o n  
methods u s i n g  10 gram p o r t i o n s  of Hf02, problems of a somewhat 
d i f f e r e n t  n a t u r e  were encoun te red .  When t h e  o x i d e  w a s  f u s e d  w i t h  
KOH i n  a n i c k e l  c r u c i b l e ,  a t t a c k  on t h e  c r u c i b l e  by t h e  a l k a l i  w a s  
s o  s e v e r e  t h a t  con tamina t ion  by n i c k e l  seemed a c e r t a i n t y .  With 
t h e  use of  K2CO3 i n  a p l a t i n u m  c r u c i b l e ,  t h e  l i k e l i h o o d  of contam- 
i n a t i o n  w a s  minimized, b u t  t h e  r e a c t i o n  appea red  f a r  from complete .  
A r e l a t i v e l y  l a r g e  q u a n t i t y  of i n s o l u b l e  r e s i d u e  remained a f t e r  an 
a t t e m p t  w a s  made t o  d i s s o l v e  t h e  f u s i o n  p r o d u c t  i n  d i l u t e  H2SO4. 
Although c o n s i d e r a b l e  d i f f i c u l t y  w a s  e n c o u n t e r e d  i n  e x t r a c t -  
i n g  the hafnium s u l f a t e  formed i n  t h e  p y r o s u l f a t e  f u s i o n  from t h e  
h a r d  f u s e d  mass of by-product p o t a s s i u m  s u l f a t e  and excess pyro- 
s u l f a t e ,  i t  w a s  e v e n t u a l l y  accomplished and r e s u l t s  i n d i c a t e d  t h a t  
n e a r l y  a l l  o f  t h e  o x i d e  had been c o n v e r t e d .  The hafnium s u l f a t e  
was r ecove red  by t h e  break-up and g r i n d i n g  of t h e  f u s e d  mass w i t h  
a mortar  and p e s t l e  fo l lowed  by e x t r a c t i o n  w i t h  d i l u t e  s u l f u r i c  
a c i d  and f i l t e r i n g .  The r e s i d u e  from e x t r a c t i o n  w a s  s u b j e c t e d  
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r e p e a t e d l y  t o  t h e  p r o c e s s  of g r i n d i n g ,  e x t r a c t i o n ,  and f i l t e r i n g  
u n t i l  on ly  a small amount of f i n e l y  d i v i d e d  i n s o l u b l e  r e s i d u e  (pre-  
sumably u n r e a c t e d  ox ide )  remained. 
When t h e  problems were encountered  i n  t h e  conve r s ion  of t h e  
h i g h - p u r i t y  hafnium ox ide  t o  t h e  s u l f a t e ,  a 100 gram sample of  
hafnium s u l f a t e  (anhydrous)  w a s  purchased  from K & K L a b o r a t o r i e s  
(P la inv iew,  N .  Y.) 
A 35 gram p o r t i o n  of t h i s  m a t e r i a l  w a s  used i n  t h e  p repa ra -  
t i o n  of  t h e  s t a r t i n g  s o l u t i o n  f o r  t h e  f i r s t  a t t empt  t o  p r e p a r e  
Hf02 cryochemica l ly .  I n  t h e  p r e p a r a t i o n  of t h i s  s o l u t i o n  i t  w a s  
found t h a t  t h e  material  conta ined  some i n s o l u b l e  s o l i d s .  This  w a s  
presumably e i t h e r  u n r e a c t e d  ox ide  o r  ox ide  produced by decomposi- 
t i o n  of some s u l f a t e  i n  t h e  h e a t i n g  r e q u i r e d  t o  d r i v e  o f f  excess  
H2S04 i n  t h e  f i n a l  s t e p  o f  t h e  s u l f a t e  p r e p a r a t i o n .  The i n s o l u b l e  
material  w a s  removed by f i l t r a t i o n  and t h e  c l e a r  f i l t r a t e  b rough t  
t o  a volume of  75 m l  by t h e  a d d i t i o n  of  water. 
The s u l f a t e  s o l u t i o n  was i n j e c t e d  i n t o  t h e  co ld  hexane b a t h ,  
t h e  hexane d r a i n e d  o f f ,  and t h e  f l a s k  c o n t a i n i n g  t h e  f r o z e n  p r o d u c t  
t r a n s f e r r e d  t o  a f r e e z e r  f o r  ove rn igh t  s t o r a g e .  The n e x t  morning 
t h e  p roduc t  w a s  t r a n s f e r r e d  t o  a p r e c h i l l e d  P e t r i  d i s h  and p l a c e d  
i n  t h e  r e f r i g e r a t e d  chamber o f  a commercial f r e e z e - d r i e r  u n i t .  
E f f o r t s  t o  remove more t h a n  a l i t t l e  water from t h e  f r o z e n  ice- 
s u l f a t e  m i x t u r e ,  however, were u n s u c c e s s f u l  and t h e  m a t e r i a l  showed 
s i g n s  o f  m e l t i n g  d e s p i t e  t h e  low sys t em p r e s s u r e  as soon a s  t h e  
chamber w a s  a l lowed t o  s ta r t  warming t o  ambient t empera tu re .  Ap- 
p a r e n t l y  t h e  s u l f a t e  had n o t  c r y s t a l l i z e d  i n  t h e  f r e e z i n g  s t e p  
b u t  had formed a g l a s s  from which t h e  water could n o t  b e  removed 
by s u b l i m a t i o n .  
P roceed ing  on t h e  assumption t h a t  t h e  cause  of f a i l u r e  w a s  
i m p u r i t i e s  i n  t h e  hafnium s u l f a t e ,  p o s s i b l y  f r e e  s u l f u r i c  a c i d  n o t  
removed i n  t h e  f i n a l  h e a t i n g  of t h e  s u l f a t e  d u r i n g  i t s  p r e p a r a t i o n ,  
a second a t t e m p t  w a s  made t o  p repa re  t h e  ox ide  c ryochemica l ly  t h i s  
t i m e  u s i n g  s u l f a t e  which had been p u r i f i e d  by r e c r y s t a l l i z a t i o n .  
A t h i r t y - f i v e  gram p o r t i o n  o f  K & K hafnium s u l f a t e  was d i s s o l v e d  
i n  w a t e r ,  t h e  i n s o l u b l e s  f i l t e r e d  o f f ,  and t h e  hafn ium s u l f a t e  
t e t r a h y d r a t e ,  Hf(S04)2.4H20, c r y s t a l l i z e d  by t h e  a d d i t i o n  of 1 p a r t  
concd. s u l f u r i c  a c i d  t o  2 pa r t s  s u l f a t e  s o l u t i o n .  The heavy crys-  
t a l l i n e  p r e c i p i t a t e  w a s  f i l t e r e d ,  t h e  adhe r ing  s u l f u r i c  a c i d  re- 
moved by washing  w i t h  a c e t o n e ,  and d r i e d  i n  a i r .  
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The w h i t e  c r y s t a l l i n e  material ( 2 3 . 5  grams) r ecove red  was 
d i s s o l v e d  i n  50 m l  of  water and t h e  s o l u t i o n  used as s t , a r t i n g  ma- 
t e r i a l  f o r  t h e  second a t t e m p t  t o  p r e p a r e  Hf02 cyrochemica l ly .  The 
procedure w a s  e s s e n t i a l l y  t h e  same as t h a t  used i n  t h e  ea r l i e r  a t -  
tempt w i t h  t h e  e x c e p t i o n  t h a t  t h e  f r o z e n  p r o d u c t  w a s  t r a n s f e r r e d  
t o  a f r e e z e - d r y i n g  a p p a r a t u s  immediately a f t e r  i t  w a s  p r e p a r e d  and 
d ra ined  of e x c e s s  hexane. There w a s  no o v e r n i g h t  s t o r a g e  of t h e  
f rozen  p roduc t  i n  a f r e e z e r  b e f o r e  a t t e m p t i n g  t h e  f r eeze -d ry  oper-  
a t  i on .  
R e s u l t s  i n  t h i s  second e f f o r t ,  however,  were much t h e  same as 
i n  the  e a r l i e r  experiment .  The f r o z e n  material  could n o t  b e  f r e e z e -  
d r i e d ,  a g a i n  behaving as a g l a s s y  s u b s t a n c e  r a t h e r  t h a n  a w e l l -  
c r y s t a l l i z e d  m i x t u r e  of  i c e  and s u l f a t e .  
I n  a c o n v e r s a t i o n  w i t h  D r .  S c h n e t t l e r  of B e l l  Labs,  i t  w a s  
l e a r n e d  t h a t  h e  had e x p e r i e n c e d  s i m i l a r  d i f f i c u l t i e s  i n  a t t e m p t s  
t o  p repa re  Y2O3 from y t t r i u m  s u l f a t e  s o l u t i o n  and i n  t h e  u s e  of  
c e r t a i n  n i t r a t e  s t a r t i n g  s o l u t i o n s  ( r e f  2 ) .  These s o l u t i o n s  ap- 
p a r e n t l y  res is t  r a p i d  f r e e z i n g  and t e n d  t o  become v i s c o u s  s u p e r -  
cooled l i q u i d s  o r  g l a s s e s .  I n  t h e  case of s i n g l e  component s y s -  
tems, e . g . ,  t h e  p r e p a r a t i o n  of Y2O3 from y t t r i u m  s u l f a t e ,  t h e  d i f -  
f i c u l t y  was r e a d i l y  by-passed by t h e  s low f r e e z i n g  of  t h e  b u l k  
s o l u t i o n  i n  t h e  r e f r i g e r a t e d  chamber of t h e  f r e e z e - d r i e r  p r i o r  t o  
f r eeze -d ry ing .  Thus, t h e  q u i c k e r  f r e e z e  i n j e c t i o n  s t e p  i s  e l i m -  
i n a t e d  b u t  t h e  f r e e z e - d r i e d  p r o d u c t  w a s  s t i l l  o b t a i n e d  i n  a f i n e -  
p a r t i c l e  s t a t e .  Th i s  approach i s  a l s o  a p p l i c a b l e  t o  multi-compo- 
n e n t  sys t ems ,  i f  c a r e  i s  t a k e n  t o  a v o i d  t h e  p o s s i b i l i t y  of  p re -  
c i p i t a t i o n  of  one  o r  more of t h e  sa l t s  b e c a u s e  of  reduced s o l u -  
b i l i t y  a t  t e m p e r a t u r e s  between ambient and f r e e z i n g .  T h i s  means 
t h a t  t h e  s t a r t i n g  s o l u t i o n  would have  t o  b e  s u f f i c i e n t l y  d i l u t e  
t o  minimize t h e  p o s s i b i l i t y  of  any o f  t h e  sa l ts  s e p a r a t i n g  o u t  
b e f o r e  f r e e z i n g  as t h e  s o l u t i o n  i s  coo led  from ambient t e m p e r a t u r e .  
C o p r e c i p i t a t i o n  s y n t h e s i s  methods .- I n  view of  t h e  d i f f i c u l -  
t i es  encoun te red  i n  a t t e m p t i n g  t o  p r e p a r e  even t h e  p u r e  hafnium 
o x i d e  c ryochemica l ly ,  i t  seemed a d v i s a b l e  t o  e x p l o r e  a n o t h e r  pos- 
s i b l e  r o u t e  t o  f i n e - p a r t i c l e  ca l c i a -doped  ha fn ium o x i d e .  The 
method s e l e c t e d  f o r  s t u d y  w a s  t h a t  of  c o p r e c i p i t a t i o n  of t h e  hy- 
droxides  of hafnium and calcium. 
TO a h o t  s o l u t i o n  (70-75'C) of  hafnium o x y c h o l o r i d e  c o n t a i n -  
i n g  t h e  a p p r o p r i a t e  amount o f  ca l c ium c h l o r i d e ,  an e x c e s s  of  po- 
t a s s i u m  hydrox ide  s o l u t i o n  w a s  added dropwise w i t h  con t inuous  
s t i r r i n g  t o  c o p r e c i p i t a t e  t h e  h y d r o x i d e s  of hafnium and calcium. 
Unfo r tuna te ly  , t h e r e  w a s  n o t  enough t i m e  t o  complete  t h e  p r o c e s s -  
i n g  of  t h i s  m a t e r i a l  and e v a l u a t e  i t  b e f o r e  t h e  end of  t h e  program. 
Heat treatment.- The p o s s i b i l i t y  o f  improving t h e  r a d i a t i o n  
s t a b i l i t y  of s p e c t r o g r a p h i c  g rade  hafnium ox ide  by h e a t  treatment 
was i n v e s t i g a t e d .  
b l e  w i t h  a p l a t i n u m  l i d .  The c r u i c i b l e  was p o s i t i o n e d  i n  t h e  a l u -  
mina m u f f l e  t u b e  i n  t h e  Cen to r r  l a b o r a t o r y  f u r n a c e  and h e a t e d  a t  
1700°C f o r  15 h o u r s ,  t h e n  coo led .  The material  t ended  t o  s i n t e r  
i n t o  a semi-hard mass and had t o  b e  p u l v e r i z e d  i n  an a lumina  mor t a r  
and p e s t l e ,  No i m p u r i t y  a n a l y s i s  h a s  been  made b u t  i t  i s  p o s s i b l e  
t h a t  t h e  material may c o n t a i n  some p la t inum s i n c e  condensed c rys -  
t a l s  of  p l a t inum were found i n  t h e  m u f f l e  t u b e .  
A 10 gram sample was p l a c e d  i n  a p l a t i n u m  cruci-  
A sample of t h e  powder a f t e r  h e a t  t r e a t m e n t  w a s  s u b j e c t e d  t o  
51  ESH of u l t r a v i o l e t  r a d i a t i o n  from t h e  S p e c t r o l a b  X25L s o l a r  
s i m u l a t o r  t o  compare i t s  s t a b i l i t y  w i t h  t h a t  of a sample o f  powder 
from t h e  same l o t  b u t  n o t  h e a t  t r e a t e d .  The change i n  s o l a r  ab- 
s o r p t a n c e  f o r  t h e  u n t r e a t e d  sample w a s  0.11 and f o r  t h e  h e a t  
t r e a t e d  sample w a s  0.08. These r e s u l t s  shou ld  n o t  b e  cons ide red  
as c o n c l u s i v e  ev idence  t h a t  h e a t  t r e a t m e n t  i s  advantageous .  
RE COMMEND AT I O N S  
The most i m p o r t a n t  r e s u l t  of t h e  s t u d y  r e p o r t e d  h e r e  was t h e  
d e t e r m i n a t i o n  t h a t  h a f n i a  can b e  made s t a b l e ,  i n  i t s  o p t i c a l  prop- 
e r t i e s ,  t o  space  r a d i a t i o n s  b y  the  a d d i t i o n  i n  s o l i d  s o l u t i o n  of a 
s u f f i c i e n t  amount of c a l c i a  t o  s t a b i l i z e  t h e  phase  t r a n s f o r m a t i o n s .  
T h i s  s e c t i o n  of t h e  r e p o r t  d i s c u s s e s  recommendations f o r  a con t in -  
u a l  s t u d y  e f f o r t  des igned  t o  produce a s t a b l e  t h e r m a l  c o n t r o l  p ig-  
ment based  upon t h a t  d i s c o v e r y .  
S e v e r a l  o t h e r  t e c h n i q u e s  f o r  r educ ing  s i n t e r e d  p e l l e t s  of  doped 
h a f n i a  t o  powders shou ld  b e  i n v e s t i g a t e d  i n  an e f f o r t  t o  f i n d  a 
method which w i l l  n o t  a f f e c t  t h e  space  r a d i a t i o n  s t a b i l i t y .  The 
r e a s o n s  f o r  change i n  s t a b i l i t y ,  e . g . ,  a d d i t i o n  of i m p u r i t i e s  o r  
d e f e c t  p r o d u c t i o n  due t o  g r i n d i n g  s h o u l d  b e  de te rmined .  
O the r  methods of s y n t h e s i z i n g  t h e  doped h a f n i a  shou ld  b e  f u l l y  
i n v e s t i g a t e d  such  a s  c ryochemica l  and c o p r e c i p i t a t i o n  t echn iques  
fo l lowed  by h e a t  t r e a t m e n t .  The i n t i m a t e  mix tu re  o f  hafnium and 
c a l c i u m  compounds a t t a i n e d  i n  each p a r t i c l e  p r i o r  t o  h e a t  t r e a t m e n t  
s h o u l d  e l i m i n a t e  t h e  need f o r  h igh  p r e s s u r e  forming t o  o b t a i n  in t im-  
a t e  c o n t a c t  between p a r t i c l e s  as r e q u i r e d  i n  t h e  method now b e i n g  
used .  Although some s i n t e r i n g  normally occur s  d u r i n g  h e a t  treat-  
ment even w i t h o u t  p r e s s u r e  l ess  energy shou ld  b e  r e q u i r e d  t o  b r e a k  
up t h e  r e s u l t a n t  mass. 
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Doping of t h e  h a f n i a  w i t h  y t t r i a  shou ld  b e  more thoroughly  i n -  
v e s t i g a t e d  t o  see i f  t h e r e  i s  any advantage  t o  use  o f  y t t r i a  v e r s u s  
c a l c i a  as t h e  s t a b i l i z e r .  
Z i r c o n i a  shou ld  b e  i n v e s t i g a t e d  w i t h  b o t h  c a l c i a  and y t t r i a  
a s  dopants  t o  e s t a b l i s h  i f  i t  can b e  made r a d i a t i o n  s t a b l e  by t h e  
same t echn iques  as t h o s e  a p p l i e d  t o  t h e  h a f n i a .  Z i r c o n i a  i s  chemi- 
c a l l y  s imilar  t o  h a f n i a ,  i s  a l s o  a polymorph and has  t h e  advantages  
of be ing  cheaper  and l i g h t e r .  
The c o m p a t a b i l i t y  of t h e  s t a b i l i z e d  h a f n i a  and z i r c o n i a  w i t h  
a v a i l a b l e  b i n d e r  m a t e r i a l s ,  b o t h  o r g a n i c  and i n o r g a n i c ,  shou ld  b e  
thoroughly  i n v e s t i g a t e d  b o t h  from t h e  s t a n d p o i n t  of f o r m u l a t i o n  and 
p o s s i b l e  i n t e r a c t i o n s  a f f e c t i n g  r a d i a t i o n  s t a b i l i t y .  
C h a r a c t e r i z a t i o n  of materials as t o  c a t i o n  a n d / o r  an ion  impur- 
i t i e s ,  c rys ta l  s t r u c t u r e ,  c r y s t a l  d e f e c t s ,  d e f e c t s  s t o i c h i o m e t r y  
and p a r t i c l e  s i z e  shou ld  b e  accomplished wherever  t h i s  w i l l  add t o  
an unde r s t and ing  of r e s u l t s  of t h e  s t u d y .  
FACILITIES  
U l t r a v i o l e t  T e s  t F a c i l i t y  
The u l t r a v i o l e t  t es t  chamber i s  a s m a l l  vacuum chamber pumped 
by an Ul t ek  25 l i t e r / s e c  D I  i o n  pump. 
w i t h  c ryo - so rp t ion  pumps. 
a g a i n s t  a m e t a l  h e a t  s i n k  through which f l u i d s  can b e  f o r c e d  t o  
e s t a b l i s h  t h e  t empera tu re  of  t h e  sample .  
298'K w a s  used a s  t h e  c o o l a n t  f o r  t h i s  program. The h e a t  s i n k  can 
be  moved v e r t i c a l l y  and p o s i t i o n e d  beh ind  an u l t r a v i o l e t  g rade  
q u a r t z  window f o r  exposure  t o  s o l a r  s i m u l a t i o n .  I t  can a l s o  b e  
lowered t o  p o s i t i o n  t h e  tes t  sample i n  a q u a r t z  t u b e  which i s  
p a r t  of t h e  vacuum sys tem.  A s t a n d a r d  Gier-Dunkle i n t e g r a t i n g  
sphe re  a t t a c h e d  t o  a Beckman DK-2 s p e c t r o p h o t o m e t e r  can b e  p o s i -  
t ioned  o v e r  t h e  q u a r t z  t u b e  s o  t h e  sample  i s  c e n t e r e d  i n  t h e  s p h e r e .  
I n  t h i s  way s p e c t r a l  r e f l e c t a n c e  d a t a  can b e  o b t a i n e d  i n  s i t u .  
There are two such chambers in t h e  l a b o r a t o r y .  
Rough pumping i s  accomplished 
A s i n g l e  tes t  specimen can b e  mounted 
Water a t  approximate ly  
During t h e  e a r l y  phases  of t h e  s t u d y  a s o l a r  s i m u l a t o r  w a s  
used which u t i l i z e d  a 2 . 5  k i l o w a t t  xenon compact-arc lamp and a 
mi r ro r  and l e n s  sys tem t o  focus  t h e  r a d i a t i o n  from t h e  lamp on t h e  
chamber window. During most of  t h e  Phase  E tes ts  a S p e c t r o l a b  
X25L s o l a r  s i m u l a t o r  w a s  used i n  o r d e r  t o  enhance  t h e  q u a l i t y  of  
t h e  t e s t s .  
Combined Environment Test F a c i l i t y  
The vacuum sys tem of t h i s  f a c i l i t y  consists of t h e  tes t  cham- 
b e r ,  an i o n  s o u r c e  - mass s e p a r a t o r  u n i t ,  and a mass s p e c t r o m e t e r .  
The l a t t e r  i s  u s u a l l y  used  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  of the 
mass s e p a r a t o r  i n  producing  a pure p r o t o n  beam. The vacuum sys tem 
i s  pumped by an Ul tek  500 liter-sec i o n  pump and rough pumped by 
s o r p t i o n  pumps. I t  i s  a ve ry  c l ean  sys tem.  A Faraday cup i s  ava i l -  
a b l e  f o r  measuring i o n  beam c u r r e n t s .  Four samples  can b e  exposed 
t o  t h e  i o n  beam whi l e  b e i n g  main ta ined  a t  a f i x e d  t empera tu re  by 
c i r c u l a t i n g  a f l u i d  through i n d i v i d u a l  h e a t  s i n k s .  Two of  t h e  sam- 
p l e s  can b e  exposed t o  s o l a r  s i m u l a t i o n .  The specimens can b e  re- 
moved from t h e  h e a t  s i n k s  and t r a n s f e r r e d  i n  s i t u  t o  a vacuum i n t e -  
g r a t i n g  s p h e r e ,  which i s  o p t i c a l l y  coupled  t o  a Beckman DK-2 spec-  
t ropho tomete r  , f o r  s p e c t r a l  r e f l e c t a n c e  measurements.  
O the r  F a c i l i t i e s  
O the r  f a c i l i t i e s  used dur ing  t h e  cour se  of t h e  s t u d y  i n c l u d e d  
a Cen to r r  l a b o r a t o r y  f u r n a c e ,  a f r e e z e  d r i e r  and o t h e r  equipment 
f o r  material s y n t h e s i s  , and appa ra tus  f o r  f o r m u l a t i n g  and apply- 
i n g  c o a t i n g s .  
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